Abstract Legume growing has many benefits. Indeed legumes provide plant proteins for animal feed and human food. Legumes fix atmospheric N 2 and, in turn, provide cheap and green N fertilisers. Additionally, legumes are used as diversification crops in rotations based on oilseed rape and cereals. Despite those benefits, legume crops in Europe represent less than 4 % of arable lands, and European legume seeds are underused for animal and human nutrition. Nonetheless, European authorities are now fostering the development of legume crops for sustainable agriculture. Here, we analyse forage and grain legume-producing systems since 1950 in order to identify the actual constraints of legume development. We show that legumes can contribute to the agroecological transition for sustainable agriculture, food and energy and for sustainable agri-food systems. Then, we point out that high added-value niche markets are required for supporting legume production. The major research needs identified are (1) analysing the constraints of the current systems and identifying ways of moving towards systems that include more legumes, (2) identifying new and diversified uses for legumes in a sustainable food chain, (3) assessing and improving the ecosystem services provided by legumes at cropping system and territory scales and (4) promoting agroecology through and for legume crop management.
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Introduction
The post-war agricultural revolution led to the intensification of European agriculture, between the 1950s and 1980s, with the development of mechanisation and increasingly intensive use of synthetic inputs. This intensification, and the structuring of the sectors that accompanied it, encouraged production systems to become highly specialised, with geographical separation of livestock from plant production and with increasingly short rotations. This evolution, based on the choice of species that could ensure the best short-term profitability, led to the abandonment of several species such as legumes which produced certain agronomic and environmental services (Schott et al. 2010) . From the 1990s, growing uncertainty about the future availability of energy resources, increasing concern about the environment and the development of organic farming were the first signs that this capital-intensive and highly specialised agricultural production system was being called into question. Increasing recognition of the negative externalities associated with intensive systems (environmental pollution, greenhouse gas emissions, loss of biodiversity, etc.) encouraged some actors in the agricultural world to seek practices that were more environmentally friendly. But the transition towards more sustainable agriculture did not develop quickly, in spite of the recommendations advanced by many studies (Altieri et al. 1983; Hill and MacRae 1995; Millenium Ecosystem Assessment 2005; Aubertot et al. 2005; Le Roux et al. 2008; Butault et al. 2010) . Such aims can be achieved by innovative production methods limiting the use of inputs and based on developing diversity and bio-(eco)-logical regulations in the agro-systems, collectively termed "agroecology" (Altieri 1992; Altieri and Nicholls 2012) . But their development encounters a highly structured organisation of sectors and institutions, which leaves hardly any room for production systems breaking away from the present system (Vanloqueren and Baret 2009; Roep and Wiskerke 2012; Meynard et al. 2013 ). In addition, the increase of the world population, associated with a convergence of westernised incomes and lifestyles (including high consumption of meat products), calls into question whether agriculture will be capable of meeting the food requirements of the nine billion individuals who will be inhabiting the planet by 2050. A partial substitution for animal proteins by plant proteins could satisfy this increasing demand within the framework of the sustainable development of agricultural and food systems (Dorin et al. 2011) . In this context, legumes have several assets ( Fig. 1 ): (a) at food system level, for human or animal consumption, legumes are a highly nutritious source of plant proteins that complement those of cereals; (b) at production system level, the capacity to fix air-borne nitrogen in symbiosis with soil bacteria makes them potentially highly suitable for inclusion in low-input, low greenhouse gas emission cropping systems; (c) in current cropping systems dominated by two or three major species, legumes play a role as diversification crops, breaking the cycles of pests and diseases, developing populations of beneficials for crop defence, reducing inputs for the other crops in the rotation, improving their use efficiency and increasing the quality of landscape mosaics. Consequently, legumes can play a major role in the agroecological transition towards more sustainable farming systems, with added positive effects expected in spheres related to agriculture (reduced energy consumption for manufacturing synthetic nitrate fertilisers, improving diets).
Paradoxically, in spite of their definite environmental interest and the important outlets that could exist not only for animal feed, but also for human consumption, legume land area is very low in European farming systems. However, various signals show that European authorities are willing to support the development of these crops. In view of this, the authors propose to give thought to deciding what research work would be the most appropriate to accompany this evolution. The situation of the French agriculture was chosen as a case study as it is representative of a wide range of European agricultural systems. Using the example of France, the objectives of this article were thus (a) to highlight the reasons why such a small area of land is used for legumes and then to identify the instruments upstream and downstream of the sector which would help more legumes to be integrated into production systems, as a contribution to the agroecological transition of agriculture, then (b) in the light of this analysis, to propose a renewal of research questions in the various disciplines mobilised and finally (c) to learn lessons for the current organisation of research and for the need to encourage a stronger posture of interdisciplinary partnership research.
2 Place of legumes in present and future farming and food systems 2.1 Reasons why legumes occupy a low position in the French farming systems of the early twenty-first century Since the 1950s, the proportion of grain and fodder legumes in French arable areas has considerably decreased, under the combined effect of the intensification of livestock farming, gradually relying on massive imports of soyabean, of a European political support for cereal productions and of an increasingly unfavourable climatic and parasitic context. These evolutions are similar in Europe, where legumes covered, in 2006, an average of only 3.3 % of the agricultural area, as against more than 30 % in the USA (Fig. 2) . Consequently, most European and French plant protein requirements are covered by imports.
Fodder legumes: a decline linked to the intensification of agriculture
Historically in France, legumes were mainly cultivated for the production of protein-rich fodder. These crops were inserted into mixed crop-livestock systems because of their agronomic role with respect to nitrogen in the rotation. In the early 1960s, land under pure forage legume crops in France reached 3.3 million ha and accounted for 17 % of arable land (Fig. 3) . During the next 30 years, land under legumes decreased to below 400,000 ha. On the other hand, legumes were maintained in the pasture associations of temporary grassland, which remained relatively stable from the 1960s into the early twenty-first century (around 2.5 million ha, including 35 to 40 % association with legumes).
The sharp drop, during the 1960s, of pure fodder legume surfaces was the result of the fodder revolution. This revolution was a response to the high demand in the postwar period for agricultural products and in particular meat products. In this context, pasture legumes were gradually replaced by maize silage and grasslands with mono-specific grasses abundantly fertilised. The massive use of synthetic nitrogen fertilisers, available at attractive prices, was encouraged and supported by agronomic research, and the role of legumes as a fertiliser in rotations was forgotten. This evolution coincided with an evolution of ruminant feeding systems gradually substituting maize silage and soyabean oil cakes for hay and lucerne proteins. The recourse to grass and maize silage, with higher energy value, offered the livestock farmer better fodder quality and security, at the same time reducing workloads. Indeed, harvesting legumes for hay was very labour intensive, with no appropriate machinery, and legume fodder is not very suitable for storing as silage, because of its low sugar content.
In addition, the context of raw material prices for animal feed became very unfavourable for winter rations containing legume hay (supplemented by cereals). Fodder legumes never benefited from Common Agricultural Policy support, but imports of soyabean benefited from protection regimes at the European Union frontiers, which involved a price differential that favoured the use of soyabean oil cakes. Finally, the reduction in fodder legumes in the cropping systems was accentuated by the geographical specialisation of farming production, which resulted in separating cereal areas from cattle-rearing areas.
Grain legumes: a short-lived rise linked to developments in the Common Agricultural Policy
Originally, grain legumes, or pulses, were mainly cultivated as a source of proteins for human consumption. In the early 1960s, these crops accounted for 161,000 ha in France including 55 % of green beans and 24 % of broad beans and faba beans. With the evolution of diets incorporating more and more meat products, the annual consumption between 1950 and 1985 of grain legumes in France fell from 7.3 to 1.4 kg per person. After a sharp decline in the 1960s, these crops occupied no more than 60,700 ha in 1972. Because of the virtual absence of political and economic support granted to dry vegetables, this production for human consumption was no longer officially recorded in France, with cultivated areas of less than 20,000 ha (average 2003-2007) .
In the late 1970s, the European Community gave strong political support to the cultivation of grain legumes for animal feed. Following the soyabean embargo by the USA in 1973, Europe became aware of its dependence on American soyabean. American soyabean oil cakes were in fact the major source of protein-rich ingredients for animal feed. The structures set up in the 1970s by the Common Agricultural Policy supported the productions of protein-rich plants (the regulatory term including protein-rich pea, lupin and faba bean), guaranteeing competitive prices both for farmers and for processors. So, land under grain legumes increased in a spectacular fashion in the 1980s, with a prevalence in France of the pea which climbed to more than 700,000 ha in 1993, followed by the faba bean and the lupin (Fig. 4) . Price support was accompanied by support for plant selection and the creation of agronomic references on their crop management. But since the early 1990s, land areas have continued to decrease, arriving at levels of about 100,000 ha in recent years. This evolution is closely connected to developments in the Common Agricultural Policy. In 1992, the decoupling of subsidies to agricultural producers brought about the end of price support for protein-rich crops, which were integrated into the field crop support system. As a raw material that can substitute for animal feed, the pea price is strongly linked to the price of the other raw materials: thus, as the pea provides formulas with more energy (starch 45 %) than proteins (21 %), its price is positively correlated to the price of cereals and to a lesser extent to soyabean oil cake, with a price differential that proves to be fairly low compared to wheat.
The drop in prices led to a decrease in land area, and this fall in land area was made worse by instability of yields. Protein-rich crops in temperate zones are young species in terms of varietal selection even if 30 years of selection, primarily of the pea, but also of the faba bean, has significantly improved the yield and quality of the grains. However, yields arrive at a ceiling at a very much lower level than for cereals. This difference can be partly explained by the high intrinsic energy cost caused by biosynthesis of the proteins (MunierJolain and Salon 2005), but it is doubtless also due to lower investment in the selection of protein-rich plants. In addition, since the year 2000, yields under farming conditions have been very variable from 1 year to another. Because pea cropping has returned too frequently on fields with good yield potential, some of this land has been infested with Aphanomycès E., a root disease that leads to strong yield losses (no protection exists against this fungus) and to the impossibility to grow pea the years after, once the field is infested. Although the pea crop has not disappeared from rotations, it has often been moved towards land that is not so good. In addition, yields in recent years have been considerably affected by the increasing frequency and intensity of thermal and water stresses related to climate change (Vadez et al. 2012) . The high sensitivity of pea yields to those abiotic stresses can be explained by the fact that symbiotic fixation, resulting from a biological interaction between the plant and microorganisms of the rhizosphere, is particularly sensitive to biotic and abiotic stresses. Thus, in the present climatic and regulatory context, in spite of the interest they have for agroecology, protein-rich crops have become risky and not very attractive for farmers. In conventional systems, farmers hesitate to grow legumes , saying that they are too unprofitable compared to cereals and oilseed rape, on the basis of a calculation of the gross margin at crop level combining low yields with relatively low market prices. Yet, studies have shown that, at the cropping system level, the gross margin of a system including peas is not lower than that of a cropping system without peas . The low volumes thus produced do not make for very secure supplies for user industrialists, and they limit possibilities of segmentation and valorisation of quality. Associated with a relative lack of processing downstream, this results in grains of protein-rich plants being low-added value products which, from an economic point of view, are not very attractive for farmers.
A deficit balance in protein-rich materials
Grain and fodder legumes have a minor place in protein-rich raw material production (Fig. 5) . And in spite of the increasing production of oil cakes as co-products of the bioenergy sector, France, like the rest of the European Union, still has a very negative balance in plant proteins. Animal feed is the principal outlet for grain legumes. However, the market for food for human consumption has progressed in recent years (50 % of the French pea harvest in 2011-2012; PROLEA data). Indeed, a market has recently developed for the export of whole grains to India (pea) and Egypt (faba bean) and for the industrial processing sector in France, Belgium and Scandinavia (Géhin et al. 2010) . For industrialist users, the priority is to have a sector with a secure and reliable supply, able to provide raw material of constant quality. The poor availability of proteinrich grains on these markets is therefore a major problem for Balance between total production and total consumption (a) and details for the materials consumed (b) and produced (c). Material rich in protein are those with percent of proteins higher than 15 % (except for milk powder). Others stands for meat and fich meals, residues of cereal distillers and miscellaneous materials. Data are from years 1973 /1974 , 1980 /1981 , 1990 /1991 , 2005 /2011 industrialists, with strong competition from soyabean imports, which cover most animal feed requirements. Indeed, soyabean oil cakes are easily available on the international market, and their performance in animal feed is in general higher than that of European protein-rich plants because of their high protein content, low variability and more digestible proteins. Finally, the supply of soyabean oil cakes is less scattered geographically than for the pea. Similarly, with low levels of consumption, France still has a significant deficit in dry vegetables for human consumption (in particular for lentils, dry beans and chickpeas), with an average domestic supply rate of only 27 % over the 2001-2008 period. A challenge for the French market is thus to reduce its dependence in protein at various scales, from the farm to the territory.
A lock-in of sociotechnical systems
The weak position now occupied by legumes in rotations, both in arable and in cattle-rearing areas, appears related to various closely overlapping factors. Research towards increasing the productivity of soil and work has diverted farmers from these species, the more so because external resources were available to compensate for them (soyabean oil cakes in compound feed for animals, mineral nitrogen fertilisation to replace symbiotic nitrogen input). As they did not occupy much land, legumes only benefited from limited investment as regards varietal selection compared with the dominant crops (wheat, maize, oilseed rape), which contributed to their profitability deficit. Much greater effort was also expended on these dominant crops in terms of experimentation and creation of agronomic references, and they were prioritised in the organisation of collection logistics. The active networks, innovations and acquisitions of key skills which accompanied the structuring of major crop sectors provide them today with many assets to strengthen their competitive position on the markets ). The development of legumes under these conditions is confronted by a real "lock-in" of the sociotechnical system. The concept of technological lock-in indicates situations where, even though technology judged to be more effective does exist, the technology originally selected remains the standard because the entire system was organised around it; consequently, it seems difficult to change it (Arthur 1994; Cowan and Gunby 1996) . The lock-in of a production system leads to selection between innovations: those which are completely compatible with the benchmark technology have a chance of developing, whereas those which call into question either this benchmark, or the relationships organised around the benchmark, are much less likely to develop. Lockin does not result from a deliberate strategy by one of the stakeholders, but on self-reinforcement mechanisms which are created around a technological solution (Fares et al. 2012) . Although the interest of developing legumes is admitted by everyone, they still remain marginal because production systems, processing industries and sectors were progressively organised, then strengthened, without them. For example, the rapid expansion of pea crops was accompanied between 1980 and the year 2000 by research into the splitting of grains and the properties of the components (starch, proteins, fibres) for human consumption and non-food uses (Vose 1980; Guéguen 1983; Colonna et al. 1985; Lourdin et al. 1995) . But even if these studies showed the potential interest of these grains for the processing industry, industrial developments remained limited (Géhin et al. 2010) . And the core skills of the present agricultural system are structured around a set of shared routines, not only in the choice of species and management sequences in plant production, but also in the choice of diet formulas in livestock production. Overall, this is to the disadvantage of legumes. For example, the challenges of reducing nitrogen fertilisers lead more naturally to incremental innovations, such as seeking for a more precise adjustment to crop requirements of doses and application dates (e.g. the Farmstar arrangement, Labarthe 2010) than redesigning a cropping system that introduces legumes into the rotation. The stakeholder networks also contribute to lock-in, insofar as none of them are interested in changing their behaviour as long as the others do not change. Whether they are researchers, politicians, industrial leaders or union representatives, their position in the institutions and their interconnection contribute to aligning their choices in favour of a shared technological paradigm in which they each find advantages (Vanloqueren and Baret 2009) . It is this highly consistent organisation of sectors upstream and downstream, and the creation of benchmarks and technical advice, which slows down the development of legumes.
New issues in the development of legumes in the context of agroecological transition

From a demographic issue to a nutritional issue
In 2050, world agriculture will have to meet the food needs of nine billion individuals, while guaranteeing more sustainable productions. The "Agrimonde 2050" foresight study (Dorin et al. 2011) , which couples problems of agriculture and food at the global scale, has been used here to specify the place which could be occupied by legumes in future farming and food systems. Two scenarios have been put forward ( Fig. 6 ): the first scenario (AG0) prolongs the historical of growth, production and consumption of food calories in each region of the world (Fig. 7) , and in the AG0 scenario, the apparent food availability thus reaches 3,588 kcal/inhabitant/day at global level in 2050, of which 23 % is of animal origin. This scenario shows a consumption of animal products which continues to grow and significant inequalities between regions of the world. In the second scenario (AG1), the levels of income and food consumption are partially decorrelated because of concerns of health, equity and environment. This scenario leads to a hypothetical average food availability of 3, 000 kcal/inhabitant/day in all the regions of the world, of which only 16 % is of animal origin (Esnouf et al. 2011 ). This scenario implies that availabilities in total calories and animal products decrease sharply in the OECD countries (−25 and −50 %, respectively) and are increasing very significantly in sub-Saharan Africa. These two scenarios suppose major changes, which vary according to the regions of the world, not only in terms of yield (Fig. 6 ), water management, cropping practices and sustainability, but also of dietary habits. According to both of these scenarios, world demand for calories of animal origin is likely to increase; according to AG0, in many regions of the world, following the global increase in the availability of total calories; according to AG1, in some countries of Asia and sub-Saharan Africa, reaching the threshold of 500 kcal/ inhabitant/day, this increase in demand for animal protein could lead to an increased demand for protein-rich raw materials, including protein-rich plants, for the animal feed sector. In the AG1 hypothesis, reduced consumption of animal proteins in OECD countries should induce an increasing substitution for animal proteins by new sources of proteins including plant proteins (Boland et al. 2013) , both for nutritional uses and as techno-functional ingredients (texturing, emulsifying, foaming, etc.) in the formulation of food by the agri-food industry. This evolution should encourage the consumption of grain legumes and their protein-enriched derived products; it could also benefit from growing awareness in these populations of new health issues related to the increase in so-called civilisation diseases, as well as from the lower economic, energy and environmental costs of producing plant proteins. These prospects can offer new outlets to legumes, both in direct consumables and in processed products. Legumes could benefit from a demand for products meeting needs for pleasure, health, convenience and naturalness, which are developing considerably in Western lifestyles. Outside catering, which progresses regularly, and school meals are still market segments where dry vegetables could be better used, based on the recommendations of the French National Nutrition and Health Plan (PNNS). In addition, lower consumption of animal products could bring about new requirements for the sensory, functional and nutritional quality of legume by-products.
Ecological challenges
Taking environmental challenges into account leads Western society to design more sustainable production systems, to reduce their negative impacts on the environment, to manage the scarcity of certain resources (water, fossil fuel) and to adapt to climate change. For this, new, more efficient and environmentally friendly farming practices must be adopted. Faced with this challenge, legumes have a significant role to play (Jensen et al. 2012) , as illustrated in Fig. 8 . Because of their capacity to fix air-borne nitrogen, legume crops do not require nitrogen fertilisation. So, their introduction into cropping systems makes it possible to reduce nitrogen fertiliser inputs. The mineralisation of their crop residues enables nitrogen fertilisation of the following crop to be reduced too. Thus, the recommendations to reduce the nitrogen application after pea can be an average of 20 to 60 kg N/ha for wheat and 30 to 60 kg N/ha for oilseed rape, for an equivalent or higher yield ). This reduced nitrogen fertilisation contributes to reducing the greenhouse gas emissions (Nemecek et al. 2008; Jensen et al. 2012; Fig. 8) : carbon dioxide emitted during the production of fertilisers (Haber-Bosch process) and nitrogen protoxide (N 2 O) emitted during spreading. Moreover, legume crops and their residue mineralisation have N 2 O emission levels similar to unfertilised non-legume crops Rochette and Janzen 2005; Jensen et al. 2012) . The contribution of legumes to reduce greenhouse gas emissions (thus to mitigating climate change) and to limit the exhaustion of fossil fuels can therefore prove to be very important. Given also that to produce 1 animal calorie from chicken or pig requires 4 plant calories and 11 calories in the case of beef (FAO 2009), a greater substitution for animal proteins by plant proteins in human food can be an additional major instrument in the reduction of greenhouse gases.
Other ecosystem services rendered by legumes deserve to be considered, such as improvement of the soil structure, diversification of rotations, disruption to telluric pathogen cycles and reduced leaching of nitrates in the case of perennial legumes with deep root systems (Jensen et al. 2012) . A perennial legume used primarily by cutting, such as lucerne, encourages avian biodiversity at territory level (Berthet et al. 2012) . Nevertheless, there is the question of remuneration for these ecosystem services and the role of public policies in this remuneration. Some services are intended for agriculture (biodiversity supporting pollination and beneficials), others serve society (limiting pollution), some of these services are directly remunerative for the farmer (savings in nitrate fertiliser) and others are not (limiting pollution).
Finally, legumes are particularly important in organic farming; indeed, in these systems, they are an essential instrument ensuring nitrogen balance in farms, particularly in systems with no livestock, which have a chronic deficit in nitrogen availability (David et al. 2005 ). However, under organic farming conditions, many biotic and abiotic factors are a considerable limitation on legume yields (Hellou and Crozat 2005).
Challenges for the territorialisation of resources
The decline of legumes is linked to the development of the use of chemical inputs, to the dynamics of regional farming specialisation and to the establishment of long industrial circuits. The decline in land areas under fodder legumes accompanied the retreat of mixed crop-livestock systems. The intensive livestock farming areas, concentrated in the Fig. 8 Reduction (in percent) of the environmental impacts of cropping systems including a pea crop in comparison with cropping systems without pea. Results (percentage of reduction from the control cropping systems of the same region) are from life cycle analysis applied to 27 cropping systems including pea (in three French regions: ten in Beauce, eight in Bourgogne, nine in Moselle) and ten control cropping systems (three in Beauce, two in Bourgogne, five in Moselle). The crop management on all the crops of the rotations was simulated using the description of the cropping systems (control and alternative) made by several experts in each region. Simulated cropping systems were optimised in taking into account the effects of the preceding pea crop (adapted from Carrouée et al. 2012) north-west of Europe, are close to the factories where concentrates are manufactured, themselves located close to ports (where massive quantities of soyabean oil cakes arrive) and not in regions producing protein-rich crops. On the other hand, it can be imagined that the search by farms for greater autonomy in nitrogen, the return of livestock farming to areas of field crops or the development of short circuits might encourage a revival of legumes. Such territorial dynamics, for the production and local use of legumes, were identified when peas were grown to feed monogastric animals (e.g. in the Burgundy region, Petit et al. 2012) or lucerne hay produced to feed ruminants (e.g. in the Poitou-Charentes region; E. Berthet, personal communication). However, current economic trends are not going in this direction (Chatellier and Gaigné 2012) : the search for economies of scale and the huge increase in the price of cereals tend to accelerate the abandonment of the livestock activity by mixed farms. A return to territorialised farming productions could nevertheless be encouraged not only (a) by strong public policy choices (agricultural policies aimed at the diversification of rotations and cropping plans, support for the emergence of local sectors ensuring the development of employment, etc.), (b) by an increase in the cost of energy (search by farms for energy autonomy, reducing transport costs) and (c) by the search, by industrialists, for secure supplies based on contracts with local producers, but also (d) by a demand for traceability and social links encouraging the development of short circuits (Lamine 2005 ) and quality signs. The development of official signs and designations of origin does ensure for the consumer a certain quality based on production practices under specifications (Allaire 2012) . In the face of the highly standardised products from industrialised food production, new distinctive signs are emerging which make best use of specific territorial resources and which strengthen consumer confidence. More local consumption of legumes as animal feed or human food could contribute to designing more sustainable processing and consumption systems in the territories (Muchnik and de Sainte Marie 2009), many of which could consider cultivating legumes because of their wide variety. The redeployment of these crops is likely to stimulate the development of new processing and marketing activities, generating employment and wealth in the territories, depending on the added value that could be achieved from these new outlets.
2.3 What instruments are there to encourage transition towards production systems integrating more legumes?
The combination of contemporary demographic, environmental and economic challenges calls for a new agricultural transition, qualified as agroecological transition, in which legumes could have a significant role to play. However, the lock-in of current farming systems limits the possibilities of adopting new crops such as legumes. But, the multi-level approach of the theory of transitions (e.g. Geels 2011) indicates that new systems can detach themelves and emerge to support the introduction of legumes into the farming systems of tomorrow.
The instruments for unlocking
On one hand, contemporary orientations of the demographic, social, political, economic and environmental context or "sociotechnical landscape" (Fig. 9) can put pressure on the dominant "sociotechnical system" (excluding legumes), for example via the introduction of new regulatory measures. Thus, the "greening" of Common Agricultural Policy supports, within the framework of the 2014-2020 reform, conditions part of the supports to respect for a criterion of rotation diversification; this rule could encourage diversification crops such as legumes. On the other hand, small networks of actors attentive to contemporary orientations can come up with "niche" innovations that satisfy society expectations. Those working in niche markets are not locked in by the routines and standards of stakeholders in the dominant system because they are outsiders or on the margin of the dominant system; this enables them to make more radical innovations, without mobilising the same bases of knowledge and skills. The range of innovations is wide: they can be purely technological, but can also relate to new procedures, organisations, standards, new products, etc. Certain innovations originating from niches can be disseminated gradually to the dominant system which, after a transitional stage, is then unlocked.
All of the niches may not be destined to develop, but some of them can be springboards for beginning transitions with the dominant sociotechnical system. These transitions lead to the production of technologies, products, standards, etc., which will no longer be those of the system in place, nor those proposed by the niche markets, but are the foundations for the new, hybrid system. For example, the organic farming niche conveyed the idea that it is beneficial to reduce the use of synthetic products in favour of natural products. This thought leads processing industrialists today to develop socalled clean label strategies. These strategies adopt the same principles as organic farming in the transformation stage, replacing preserving agents and synthetic colouring by natural by-products. However, for the moment, no official label clearly displays this approach.
What added value is there to support new niches encouraging legumes?
A revival of legume cropping in the territories supposes that it will generate adequate financial returns associated with economically viable outlets. This added value surplus can emanate from two major innovation logics in the differentiation of products on the agro-food markets. One corresponds to diversification in the composition of the products, the other to the promotion of identity characteristics (Allaire 2012) . Valorisation of these innovations through the link with the territory could give legume crops a new economic attraction, initially locally, then ultimately to encourage their long-term establishment.
The first strategy can apply to the development of a segment called as "processed plant proteins", with a link to the territory in a cost-cutting logic. The purchase of raw materials on international markets, more unstable and less standardised, requires a series of intermediate controls. The costs incurred by these controls, in addition to higher intermediate costs of storage and routing, can ultimately result in high transaction costs for the processors. This strategy can concern split grains and derived products either enriched in proteins, starch or fibers, for use as ingredients in the food industry or for nonfood uses (Guéguen 1983 (Guéguen , 1999 Géhin et al. 2010) . It can also apply to use as a whole plant for fodder, biofuels and green chemistry. This strategy stresses the functional quality of the product, whether nutritional or technological. It is based on data of composition, physicochemical properties and component structures.
The second strategy can be complementary to the first, promoting specific local expertise, developing the diversity of legumes. This strategy is already developed for the food market (in France, more than 30 % of dry vegetable production is marketed under official quality signs and around 20 % under private quality signs). This proportion is clearly lower for legumes intended for livestock. This strategy could be qualified as a "return to sources", with a link to the territory in a specific quality logic; it can satisfy the expectations of consumers seeking local products indicating various forms of quality (organoleptic, environmental, health, etc.).
For these two strategies, the food industry and the commercial sector have a major role to play in the evolution of consumer behaviour, through the development of products and the creation of these niche markets, supported by private or public labels (Fig. 10) . At the biotechnical level, the development of these new markets relies on significant efforts of innovation as regards product processing; technological innovations in particular can make up for "defects" in the quality of agricultural products. At the economic level, the challenge for territorial stakeholders is to help the reduction of transaction costs by developing new coordination methods guaranteeing product quality. Thus, in France today, an increasing number of contracts between industrialists and farmers can be observed for some of these outlets. These contracts make it possible for industrialists to improve the quality control of their supplies (obligation of traceability, respect for standards) and to improve their legibility concerning availabilities and prices.
New research questions about legumes in the context of agroecological transition
In the light of the analysis developed above, four major groups of research questions on legumes have been identified.
Analysing the lock-ins and identifying instruments of transition towards systems integrating more legumes
This involves identifying the drivers of innovation and change likely to go beyond short-term economic logics which lead to the lock-in mentioned above. Clarifying the selfreinforcement mechanisms that lead to lock-in is the first Fig. 9 The multi-level perspective on transitions, adapted from Geels (2011) stage. A recent study showed that insufficient structuring of the sectors and of the coordination between actors, from downstream to upstream, was a major cause of the failure to build or develop some diversification sectors. Further thorough research will be necessary to propose unlocking methods. It would seem essential to reflect on the various potential uses and outlets for legumes and understand which niche markets might stimulate their revival in the sociotechnical farming system, thus contributing to the transition of European agriculture towards greater sustainability. Analysing the various methods of coordinating stakeholders in the mobilisation of specific market instruments can help to define the structuring of new legume sectors. Generally speaking, it appears essential to understand innovations at sector level because a combination of agronomic, technological and organisational solutions is often necessary to manage production variability and quality.
Enhancing the value of the environmental quality of legume crops or the nutritional quality of legume proteins will involve the exploration of a diversity of public policy instruments. Indeed, public policies can change the direction of trends by financial incentives. With this in mind, research will have to combine economic and sociological analysis of actors. The agroecological analysis of innovative production systems supposes an assessment by multi-actor, multi-criteria and multi-scale approaches. The multi-criteria analysis must include economic and sociological dimensions, as well as criteria to assess the resilience and flexibility of the systems. These approaches ask methodological questions on the definition and weighting of the assessment criteria. The association of stakeholders, innovators and experts is a major challenge. It involves not only exploring and exploiting the diversity of the actors, but also associating them with the dissemination of innovations and the assessment of innovative solutions (in particular for the definition and weighting of the assessment criteria).
Identifying new and diversified outlets for legumes in a sustainable production chain
The transition theory (Geels 2011) offers prospects for unlocking by showing that even if the dominant farming system slows down the adoption of some practices, these practices can be adopted by actors seeking differentiation on the market. Diversifying legume outlets, in particular through niche markets with higher added value, could therefore contribute, via processes of dissemination and hybridisation with the conventional system, to making the farming system evolve in their favour. In addition, the emergence of these outlets can be supported by public policies. New outlets therefore deserve to be studied. 
New outlets for food
The consumption of legumes can be a response to new issues associated with the rebalancing of food regimes, at individual and planetary scales (Leterme 2002) . If the aim is to modify eating habits, the consumer has to be offered a diversity of products with a less old-fashioned image and more practical to cook. Indeed, unlike cereals for which there is a multiplicity of processed products, little effort of technological innovation has so far succeeded in creating a range of diversified products from grain legumes. Efforts in this direction are currently being carried out in Canada (Fig. 11) . The definition of the "health" value of these grains has to be improved to promote their uses in the human diet. However, "unlocking" new uses can require backing from public authorities to support the downstream activities in innovative approaches. Through the French National Nutrition and Health Plan (PNNS), public authorities provide the opportunity of signing charters with professionals of the agri-food sector who are commited to improving the nutritional profile of their products. For example, the Bleu-Blanc-Coeur sector which specialises in the supply of meat and milk whose omega fatty acid composition is improved by incorporating grains rich in alpha linolenic acid into the feed intake (Lessirard 2009 ). So, this private label supports the production of flax, lucerne, lupin and faba beans.
New outlets for the extraction of high added value compounds
Industrialists are potential customers for protein fractions of plant origin, fibres and starch; and there are processes for the fractionation of legumes and the use of the various fractions for food or non-food applications (Géhin et al. 2010) (Fig. 12) . Whatever the purpose of the use, the fractionation processes have to be optimised by integrating the variability of the raw materials. To develop non-food uses, research on the technofunctional properties of biopolymers (starch, fibres, proteins) must be intensified (Lourdin and Colonna 2006; Guilbert et al. 2006; Axelos et al. 2006) . To penetrate the market of ingredients for food, it is imperative to overcome some stumbling blocks: (1) sensory, by limiting even eliminating the presence of undesirable tastes and odours (Heng et al. 2006a,b) ; (2) functional, for better complementarity and/or competitiveness with respect to other sources of proteins (milk, soyabean, wheat); and (3) nutritional, via the identification of the biological and nutritional properties of these ingredients, in particular of fibres and proteins (Anderson and Major 2002) .
Whether it concerns whole grain or derived fractions, knowledge still needs to be acquired on the environmental and genetic determinants of the functional and nutritional quality for various food uses and to reflect on the use of dedicated varieties. These quality criteria, specific for fractionation and food agro-processor industries, have never been taken into account in genetic improvement programmes.
New outlets for the production of bioenergy
Legumes may play a particular role in the production of biomass for bioenergy; they improve environmental balances because the biological fixation of atmospheric nitrogen reduces the need to use nitrogen fertiliser. New uses of legumes are therefore possible as whole plant to produce biomass for bioenergy Jensen et al. 2012) . The improved use of crop co- Fig. 11 Exemple of efforts made in Canada to enhance the consumption of legumes in food regimes (source: www.pulsecanada.com) products can also be envisaged: for example, the use of lucerne stalks for the production of bioethanol, using the leaves as fodder (Lamb et al. 2007) . At the levels of cropping systems, territories and sectors, the challenge is to integrate legumes (intercropped or not) as an alternative to dedicated perennial crops (coppice, miscanthus). Annual or multiannual crops have the advantage of forming part of traditional cropping systems, thus allowing greater flexibility, diversification of crops in the successions and conservation of part of the rotation dedicated to human food and animal feed. Work must include thorough environmental assessments at sector level and integrate the question of disseminating the innovation into cropping and processing systems.
However, legume crops can have some limits (Jensen et al. 2012) . Firstly, the use of legumes to produce biomass can limit their contribution to soil fertility by ploughing in the residues; this contribution is reduced if the whole plant is harvested for bioenergy outlets. In addition, even if the fossil energy needs per quantity of dry matter are low, the outputs are low too compared with other dedicated species. Finally, the quality of the legume biomass is less well adapted to certain processes. Nevertheless, there are still very few data today concerning this quality, and these data are variable among species and according to references (e.g. Petersson et al. 2007; Martin et al. 2008; Thomsen and Hauggaard-Nielsen 2008) . Legumes intercropped with grasses ( Fig. 13) can enable some limits to be lifted, such as productivity (Jensen et al. 2012) or quality control to match the biomass to the processing processes. Intercropping deserves to be studied for this use. Identifying the most appropriate species and varieties of legumes as well as perfecting their management are important issues to fulfill the requirements of industries for the various processing procedures. With this in mind, it is essential to look further into links with industrialists holding technological solutions in processing procedures.
3.3 Assessing the ecosystem services provided by legumes at production system and territory scales 3.3.1 Assessing the services at wider scales
The symbiotic fixation of atmospheric nitrogen means that legumes are essential components for improving the efficiency of plant production systems with regard to nitrogen . Moreover, the reduction in nitrogen fertiliser use, made possible by these species, has positive Fig. 12 Main processes for preparing plant protein-enriched products from starchy legume seeds. Dry process (process 1): protein concentrate obtained by air classification. Wet processes (processes 2 and 3): protein isolates obtained by isoelectric precipitation (1) or by ultrafiltration (2) E. Pelzer Fig. 13 Triticale-vetch intercropping for biomass production dedicated to bioenergy. E. Pelzer, Experiment INRA Versailles-Grignon, France, 2011 France, -2013 consequences on environmental balances (Nemecek et al. 2008; Jensen et al. 2012) . Nevertheless, these services are not very well used today, either because they are not really taken into account in crop management (Evans et al. 2001; Thomsen et al. 2001) or because they do not have any commercial value, which is the case of most of the environmental services (Kinzig et al. 2011) . However, the effects of developing legumes are significant at scales higher than the field. At farm level, the improvement in nitrogen and environmental balances associated with the introduction of legumes must be understood at succession and cropping system levels. At industrial and food system level, a widened approach to agroecological transition (Wezel et al. 2009 ) favours the adoption of more environmentally friendly practices for processing and consuming agricultural production (Francis et al. 2003) . Within this framework, legumes can be of environmental benefit to sectors into which they are introduced. These benefits could be assessed, then developed, for example by the creation of environmental quality labels. In the same way, relations between legume production and livestock systems deserve to be further developed at local scales, to make use of plant proteins locally and contribute to improving the sustainability of production systems at territorial scales. At the extreme opposite, intensive soyabean cropping in the Argentinian Pampa has the same negative effects globally as intensive cereal systems in Europe. The effects of reducing soyabean cropping in the Argentinian Pampa deserve to be assessed; a diversification of agricultural production could indeed produce environmental and social benefits at the local scale; and the reduction of Argentine production could improve environmental balances at planetary scale, in particular by reducing the transportation of huge volumes of soyabean oil cakes towards Europe and China. So, a research effort must be made to quantify the agroecological services connected with the insertion of legumes into agricultural and food production systems, on the basis of multi-criteria assessment at the scales of cropping systems, farms, territories, sectors and even of the world, in order to shed light on their importance for the people involved in agricultural production, advice and public authorities.
Assessments with a view to improving the services provided by legumes
Beyond the global assessments, three particular types of assessments could help to improve the services provided by legumes.
-Assessment of the potential uses of an extended range of species of legumes must be considered, whereas current research is focused on a very small number of species and agronomic management methods (Bridet-Guillaume et al. 2010) . For these minor species, the lack of technical references that can be used by farmers to help them make decisions is hindering their development . These deficiencies relate in particular to the management of crops under various soil and climate conditions, to their "preceding" effects and to causes of yield accidents. The range of ecosystem services studied must be widened too, in order to provide a more complete assessment of the benefits of legumes (Zhang et al. 2007 ). -Assessment of the conditions for a sustainable insertion of legumes into cropping systems has to be carried out. Legume crops are subjected to severe pressure from diseases, and there are very few resistant varieties today. The increase in the health risk associated with the increase in surfaces and the frequency of return in rotations must be quantified, to define the level and/or methods for sustainable insertion into cropping systems. In addition, these species are sensitive to limiting climatic factors: so, assessments have to be made of the cropping methods which will stimulate robust performance in the cropping systems. Finally, although the properties of legumes regarding the nitrogen cycle may increase the resilience of production systems faced with global change, their contribution to mitigating climate change deserves to be better assessed at global scales. -Environmental assessments of livestock farms using legumes must also be carried out thoroughly. Although the nutritional quality of the grains of protein-rich plants for animal feed is considered to be satisfactory today, their consumption by animals produces waste that is relatively rich in nitrogen, with negative environmental impacts in livestock farming territories. These defects, related to the high solubility of fresh plant proteins (grain or forage), could be corrected by optimising the digestibility of the feed components, either by genetic improvement or by the development of technological pre-treatments applied to the feed. But these improvements to feed can only be developed on the basis of deeper knowledge of the kinetics of the transit, breakdown and absorption of nutrients in the animal's digestive tract. The need for possible technological processing must be taken into account in the organisation of local circuits of production, storage and valorisation (Petit et al. 2012 ).
Optimising the management of legume crops in a global approach to ecological intensification
Within the framework of an evolution of the agricultural context towards a reduction of inputs (plant health, fertilisation), it appears crucial today to use new instruments to optimise the agroecological performances of plants in cropping systems. The ecological intensification of agriculture, making best use of interactions between the biological components of agroecosystems, should improve the efficiency of extracting natural resources and the tolerance of pests; they also play a part in maintaining biodiversity and associated services. Legumes occupy a particular place in these interactions (a) because of the symbiosis they establish with bacteria in the soil for fixing atmospheric nitrogen and (b) because they contribute to the diversification of European agriculture.
Intercropping with several plant species
Intercropping, in space or time, of harvested plants, and/or service plants, is an essential agronomic innovation, which makes best use of natural resources, at crop or rotation level (e.g. Corre-Hellou et al. 2006; Hauggaard-Nielsen et al. 2009 ). Because of the biological fixation of atmospheric nitrogen, intercropping based on legumes overall makes the most efficient use of nitrogen , at the same time maintaining a high level of productivity for lower levels of nitrogen fertiliser inputs (compared to fertilised pure crops) (Jensen 1996; Ghaley et al. 2005; Pelzer et al. 2012) . Intercropping is also a tool to improve disease and weed management and to reduce pests (Trenbath 1993) . Finally, they can provide solutions to improve the quality of the products. Intercropping of legume and non-legume species in the same population is widely used in manual farming systems in the countries of the south (Malézieux et al. 2009 ). In Western countries, this agronomic practice was originally used in grasslands for fodder production, but it had almost disappeared from cereal-based cropping systems because of the intensification of agriculture. However, intercropping today arouses renewed interest for field crops, in particular in organic farming. In this system, intercropping legumes make it possible to produce cereals with a high protein content, without any nitrogen fertilisation, and the intercropped cereals make legume growing possible (not very competitive against weeds) without using herbicides . A spectacular increase in intercropping has recently been seen in the temporary grassland of mixed crop-livestock systems (more than 70 % of the grasslands sown in [2011] [2012] . This development allows livestock farmers to reduce purchases of oil cakes and manure whose prices are both high and very variable.
Intercropping with well-managed legumes provides positive impacts on the environment, both on the reduction in nitrogen losses (towards water or air) and on the biodiversity of the site.
-For grain production, the development of legume-cereal intercropping is hindered today by control of the mixture composition, adaptation of the sectors and the time necessary for training and disseminating the innovation. Ways of improving the situation first of all involve the rules for assembling and managing the species. For example, the balance between the two species during the cycle depends on various factors, including the proportion of each species in the mixture at sowing and the dynamics of the availability of nitrogen. While the "nitrogen fertilisation" instrument managing the proportion of the species at harvest has been studied (e.g. Naudin et al. 2011) , the "proportion of species at sowing" instrument has received less attention (Corre-Hellou et al. 2006) . Mention can also be made of the need to create and use appropriate varieties, whereas until now, very little selection work has been carried out with this in mind. Finally, research questions relate to the organisation of the sectors and the economic valorisation of production (and of the ecosystem services produced). Indeed, the practical application of intercropping by farmers remains very limited because of the problems encuntered by collection organisations in terms of logistics (particularly in terms of sorting) and marketing (Bousseau 2009; Magrini et al. 2013) . Legume/legume intercropping of varieties or species with complementary characteristics is also probably a promising way of optimising the management of natural resources and/or tolerances to pests; however, this kind of intercropping is not practiced today and there are few references on this subject. -For forage production, the assets of intercropping perennial grasses and legumes lie in the reduction of nitrogen inputs and in the improvement of the quantity and quality of the fodder produced. The fodder produced allows protein complementation for animals to be reduced; it also offers the possibility of preserving this protein-rich fodder when wet (by baling and wrapping techniques). Indeed, the soluble sugars of grasses improve the valorisation and conservation of proteins. For many decades, adoption by farmers was hindered by the control of the botanical composition of the mixture, as the long-term management over several cycles allowed few possibilities for short-term adjustments. Only the management of defoliation and of mineral nitrogen fertilisation makes it possible to control the respective abundance of grass and legume plants in subsequent cycles. However, many research tasks have provided the keys to understanding and controlling variations in the production of dry matter and quality. The paths to improvement relate today to better knowledge of the rules for assembling species according to the place of production, the exploitation method envisaged (mown or pasture) and the expected lifetime, optimising management rules, and in the long term, genetic progress, through the definition of ideotypes adapted to use in intercropping. -For the production of services to the crop or the rotation, legumes have a role to play as service plants. Service plants are defined as unharvested co-crops, producing a service to a main crop or rotation. The expected services are a better weed control and a better management of nitrogen fertilisation. Mention can be made, for example, of the use of legumes as cover plants sown in relay in organic wheat (Amossé et al. 2013) , or the use of frost-tender legumes sown in winter oilseed rape, which could control weeds under oilseed rape in the autumn and restore nitrogen to the rape in the spring, thanks to the mineralisation of the legume (Valantin-Morison et al. 2012) . The methods of introducing legumes as service plants have until now been the subject of very few studies. Their adoption has been slowed down by the identification of species and varieties tested for this kind of use, by the cost involved and by the risks associated with the establishment of service crops. The questions to be dealt with concern the identification of suitable assemblies and their spatial and temporal arrangements and the best comprehension and quantification of the services produced. For such an emerging use, the question is whether varieties have to be developed from species already widely used for producing grains or fodder, identifying varieties on the basis of particular features, or if new species should be used whose functional features would seem particularly appropriate for such a use. Among the known fodder species, there is the common tare, an annual species widely used in winter or spring crops, for which there is a significant plant breeding programme. Among the new species, there is common bird's foot or serradella (Ornithopus sativus) or fenugreek (Trigonella foeniculumgraecum). But in this case, varietal availability is limited, as is the resource in seeds of known germinative quality.
Interactions between plants and microorganisms of the rhizosphere
The rhizosphere is a special area for interactions between the plant's root system, the soil and the organisms living there (Fig. 14) (Hinsinger et al. 2005; Lambers et al. 2009 ). The driving force of these interactions is the release by the plant of organic compounds according to the rhizodeposition process (Nguyen 2003) . These compounds intervene not only as "signal" molecules, but also as nutrients for the soil microorganisms (mainly heterotrophic) (Bais et al. 2006) . These interactions are classically represented according to a gradient going from symbiotic mutualism to parasitism, and they can be analysed in terms of costs and benefits for each partner. For the plant, the high metabolic cost of rhizodeposition is compensated by benefits in terms of growth (supply of mineral elements, better hydrous supply) and of protection against parasites. In return, the metabolic cost for the microorganisms to express these functions is compensated by the benefit in using the rhizodeposits produced by the plant (Lambers et al. 2009 ). The plant-microorganism interactions can be an important instrument for improving the agroecological performances of plants in general and legumes in particular, but this fact has never really been quantified. Legumes have the peculiarity of establishing symbiotic relations with bacteria of the Rhizobia genus and with endomycorrhizian fungi. These symbioses are not only limited intrinsically by a cost in energy at the level of the plant, but also by the biotic or abiotic environment. Thus, fixing symbiosis is very sensitive to water stress, to phosphorus limitation and to a fungal disease of the root system (Aphanomycès Euteiches). Research dedicated to the analysis of plant-microorganism interactions in the rhizosphere was restricted, until recently, to the study of the molecular and physiological bases of the interaction of mutually beneficial microorganisms of the symbiotic type (nitrogen-fixing bacteria and mycorrhizae), and the immense range of interactions between the plant and microbial communities was not taken into account (Mougel Fig. 14 Schematic scheme of the interactions between plant and sol micobes Zancarini et al. 2013a ). However, all of the microbial communities of the soil can contribute to improving the growth and health of plants; more specifically, they can improve the establishment and effectiveness of symbioses, by the provision of water and mineral elements necessary to their functioning and/or by protection against biotic stresses. However, the capacities of cultivated plants to maintain these interactions were not taken into account-even counter-selected-in past selection programmes, carried out in high-input systems. This offers prospects of restoring them by genetic improvement. The establishment of these interactions represents a cost for the plant, and their expression is restricted to limiting environmental conditions (e.g. the inhibition of nitrogen fixing symbiosis in the presence of nitrate and of endomycorrhizian symbiosis in the presence of phosphate). These interactions must therefore be better identified, and quantified, in relation to the services provided, by assessing the respective roles of the genetic diversity of microorganisms in the rhizosphere, the genetic diversity of the plants, the farming practices and the environmental conditions (Zancarini et al. 2013b ). For physiologists, it is a question of identifying the properties of the plant which are involved in the assembly of microbial communities and, symmetrically, for microbiologists to identify the microbial properties which have an effect on the plant. In genetics, the question is to identify the genes of the plant which control the selection of interactions with microorganisms in the soil (Friesen et al. 2011) . The possibilities of piloting these interactions via the plant genotype must be assessed and the expected benefit quantified by multi-criteria assessments. For researchers, this reflection leads to repositioning questions about legumes in terms of agroecology in the wider sense, for a transition towards more diversified and more sustainable production systems, which will therefore be more flexible and more resilient. The broader definition of agroecology as "The integrative study of the ecology of the entire food system, encompassing ecological, economic and social dimensions" (Francis et al. 2003) invites us to put questions at the level of the entire food system, and not just at the levels of the field or the farm, as an agronomist would do, or of processing products, as a technologist would. This new positioning leads to opening up new horizons of research and a new ranking of priorities. By changing the point of view, we can envisage working our way around situations which used to appear inextricable. For example, it appears difficult to bring together the conditions required for developing the use of pea in animal feed, but if the challenge is changed, putting forward the question of food safety, attention is focused on the interest in developing research into technological innovation and the construction of food sectors. The fact that this research has not been developed very much in the past allows us to predict an important margin of progress.
Agroecology puts forward the principle that increased diversity of production systems increases their sustainability (Altieri 1992; Ratnadass et al. 2012 ): a transition of research must take place from model species and/or dominant species towards a diversification of the species studied, developing in genetics the conservation of synteny between close species, and mobilising concepts of compared ecophysiology and functional ecology for the required biological functions. An important departure consists of envisaging genetic and agronomic innovations, not as the major instrument for adapting to one majority outlet (animal feed), but from a new angle relating to (1) a collection of new outlets by analysing market potential according to the specific, functional and nutritional properties of legumes, (2) technological solutions suggested by actors in R&D which can mitigate "defects of quality" and (3) the particular properties of legumes for their importance in ecologically intensive production systems according to various methods of insertion into cropping systems.
Collective implementation and learning about transition
The questions put forward in the previous paragraphs often concern multi-disciplinary and multi-scale research. They call for the building of integrated projects, favouring the coconstruction of problems by the various disciplines. One difficulty lies in the mobilisation of the skills of certain disciplines until now not very much involved in legumes, such as economic and social sciences, sciences of food and nutrition, process engineering, agronomy and ecology (Bridet-Guillame et al. 2010) . Finally, researchers and stakeholders in the sectors have to be brought closer together, to better understand the technology and organisational innovations necessary for the transition of the entire agricultural and agro-industrial production system towards more sustainability.
Research and teaching have a key role to play in collective learning about the transition towards farming systems integrating more legumes, by helping to mobilise the actors with new training (Kemp et al. 1998 ). Initial and in-service training have a major function in the diffusion of innovations. Indeed, the major part of advice and technical references are brought to farmers by storage organisations; however, their current requirements in terms of supply (in quantity, quality and stability) mean that today they are not very inclined or trained to provide technical support on legume crops.
What generic value is there in considering the example of France?
This article draws up a general statement of the priorities of research on the example of the French situation. However, its variation in a region or a particular area and its adaptation to the evolution of the context are not trivial. The dynamics of knowledge, and the perception by the research team of the "social demand", are part of the equation. Light can be shed on the dynamics of knowledge by a bibliometric analysis such as the one carried out by Bridet-Guillame et al. (2010) because it identifies the strengths and weaknesses of the research. It emerges that at international level, the predominance of research in genetics and physiology would deserve to be questioned, in view of the relatively low investments in agronomy, in the ecology of soils, in sciences of food and human nutrition and in economic and social sciences. In France, a large proportion of work relating to model species with no agronomic interest is an invitation to grant a major place to research into ways of transposing knowledge from one species to another. The perception by researchers of social demand can have various sources: explicit requests by certain stakeholders (economic partners, media, public authorities, etc.) and multi-criteria assessments of current farming and food systems and/or participative forecasts on their evolution, which can result in working on the weaknesses identified or in designing more satisfactory systems. The work of researchers can thus provide information which will help public authorities to arbitrate between possible futures. The general scope of the analysis suggested here is to show that an agroecological vision involves repositioning each brick from work by each specialist, looking at the food system as a whole and integrating issues of eco-design and the life cycle of products. From this viewpoint, each researcher must endeavour to clarify the chain of knowledge which would be likely to link his/her research to innovation and social utility; each researcher must be concerned about the use which can be made of the knowledge he/she is producing; and each researcher must wonder about what his/her skills and field of research enable him/her to produce and that would be useful to other researchers. This is what we have tried to do in this article.
